. For instance, it is not known whether higher chromatin 59 accessibility within ATAC-seq peaks also corresponds to enhanced transcriptional 60 activity, or whether proximity to ATAC-seq peak summits influences the likelihood for a 61 SNP to affect enhancer activity. Studies designed to identify chromatin accessibility 62 quantitative trait loci (caQTL) are being increasingly applied to nominate SNPs altering 63 CRE activity 9, 10 . Previously, we identified 2,949 caQTLs in human islets 11 , which were 64 significantly enriched for type 2 diabetes (T2D)-associated SNPs, highlighting the utility activating sequences and define the regulatory grammar of these sequences under 96 steady state and stress-responsive conditions. We nominate 54 putative causal variants 97 among multiple genetically-linked islet dysfunction and T2D GWAS SNPs for further 98 study.
100

Results
101
Selection and testing of sequences for MPRA activity in β cells
102
To test putative islet β cell regulatory sequences for their ability to enhance 103 transcription from a minimal promoter and to identify SNPs that alter regulatory activity,
104
we generated an MPRA library containing: i) 1,910 SNPs significantly associated with 105 changes in human islet chromatin accessibility (caQTLs)
11
; ii) 2,218 control SNPs
106
overlapping human islet ATAC-seq peaks, which were reported to have no correlation Table S2 , and Methods). In total, 13,628 two- 
135
Identification of β cell regulatory elements responding to ER stress
136
The high secretory burden of insulin production, processing, and secretion 137 makes β cells particularly susceptible to ER stress. 
158
enriched in elements with higher MPRA activity after ER stress induction (Figure 2d ).
159
Activity measurements with MPRA, therefore, recapitulate TF dynamics during ER stress
160
and identify β cell regulatory elements that respond to ER stress.
162
ATAC-seq peak summits are enriched for TF binding motifs and MPRA activity
163
In total, 30% of sequences containing one or both SNP alleles were MPRA active 164 in at least one treatment condition (Figure 3a , n=1983/6628, FDR ≤1%). MPRA active 165 sequences were significantly enriched for 114 TF binding motifs (Supplementary Table   166 3), including those of islet TFs such as HNF1, MAFA, RFX5, and FOXA2. Human-mouse 167 sequence similarity did not influence the probability that a tested human sequence was Notably, the majority (60%) of elements accessible in human islets were not
174
MPRA active (Figure 3b ). Islet ATAC-seq peaks vary in length (100-3500 bps).
175
Moreover, within an ATAC-seq peak, there are differences in chromatin accessibility 176 levels at nucleotide resolution, where peak summits are locations with higher read 177 counts than the flanking regions (schematic in Figure 3c ; example in Figure 5a ). Peak
178
summits are significantly enriched in TF binding motifs compared to flanking regions 179 within the same ATAC-seq peak (Figure 3c and Supplementary Figure 4) . Therefore, for
180
MPRA library sequences overlapping ATAC-seq peaks, we examined the distance of
181
SNPs, which we designed to be in the center of all MPRA sequences tested, to the 182 summit of ATAC-seq peaks in which they reside. Sequences closer to ATAC-seq peak
183
summits were significantly more likely to be MPRA active ( Figure 3d ). However, this
184
effect was observed only when SNPs were less than 100 bps from the ATAC-seq peak 185 summit (dashed green line in Figure 3d ). Since the MPRA library tests the 100 base 186 pairs flanking both sides of a given SNP of interest, ATAC-seq peak summits were 187 included in the MPRA sequences only if they were ≤100 bp from the SNP. Therefore,
188
MPRA sequences overlapping ATAC-seq peaks were categorized based on whether the 189 summit was within 100 bps of the SNP or not, i.e., whether the ATAC-seq peak summit
190
was included in the sequence tested with MPRA or not. Sequences that included the
191
ATAC-seq peak summit were indeed more likely to be active with MPRA, irrespective of 192 the number of times a genomic region was accessible in a cohort of 19 islet donors
193
( Figure 3e ). Interestingly, inclusion of the ATAC-seq peak summit was predictive of
194
MPRA activity even for genomic regions with accessibility in only one of 19 islet donors.
195
Together, these analyses indicate that sequences overlapping human islet
196
ATAC-seq peaks were more likely to be active with MPRA in MIN6 mouse β cells than
197
sequences outside peaks, regardless of sequence similarity between human and 198 mouse. ATAC-seq peak summits are enriched for TF binding motifs, and exclusion of ATAC-seq peak summits among the elements overlapping ATAC-seq peaks,
200
significantly decreased the probability of observing MPRA activity.
202
SNPs proximal to ATAC-seq summits have a higher probability of altering MPRA 203 activity and chromatin accessibility
204
To identify SNPs that modulate regulatory element activity, we assessed allelic 
213
SNPs associated with chromatin accessibility changes in islets (caQTLs) were
214
significantly closer to the ATAC-seq peak summits than control SNPs, which are SNPs 215 that reside in ATAC-seq peaks 11 but were not associated with chromatin accessibility 216 changes in islets (Figure 4a ). Consequently, caQTL SNPs were more likely to be MPRA 217 active than were control SNPs (Figure 4b ). Among elements with MRPA activity, caQTL
218
SNPs were also more likely to exhibit allelic skew than control SNPs ( Figure 4c ) and
219
showed a significantly greater magnitude of skew between alleles (Figure 4d) 
235
Figure 5b), and a significant concordance of direction was observed (i.e., alleles 236 associated with higher chromatin accessibility also had higher MPRA activity) (n = 237 246/297; 82.8%).
238
A subset of lead caQTL SNPs (17.2%) showed discordant allelic effects on
239
chromatin accessibility levels and MPRA activity (blue; Figure 5B ). We hypothesized that 240 discordance may be driven by a nearby SNP that has MPRA activity antagonistic to the 
292
(SRBD1), which are highlighted in Table 1 .
293
For 54/104 T2D-associated signals, one SNP among those tested exhibited 294 allelic effects on MPRA activity (black points in Figure 6b ). For example, rs987964 was
295
the only SNP of 49 tested in the ZBTB20 locus ( Figure 6c ; Supplementary Table 5 ). The number of SNPs with allelic skew was found to 
553
SNPs with allelic skew (any condition) are categorized as having at least 1 allele with -i) 554 lower, ii) no difference in, or iii) higher MPRA activity under ER stress vs. DMSO (x-axis).
555
SNPs in each of the above categories are further fractioned as being -i) caQTLs (red),
556
ii) control SNPs (yellow), or iii) T2D-associated (green 
654
The vast majority of SNPs and sequences tested belonged to only 1 of the 3 655 categories. However, T2D-associated SNPs overlapping 13 ATAC-seq peaks were 656 significantly associated with chromatin accessibility in islets (caQTLs). Therefore, for 657 analysis purposes, whenever SNPs were required to belong to only 1 of the 3 categories 
675
The first batch was used to perform MPRA under standard culture conditions. This
676
MPRA library was then electroporated into E. coli to obtain a second batch of the MRPA 
725
were assessed for associations with MRPA activity.
727
Mapping human regulatory sequences tested with MPRA to mammalian genomes:
728
Liftover tool in the UCSC genome browser was used to map human sequences (hg19) 
738
To obtain human-mouse sequence similarity measures, liftover was performed 739 99 times with the minimum ratio of bases that must remap ranging from 0.01 to 1.00 in 
